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and in between for R-OR'. In mixtures with shorter L's, the viscosities
are in the sequence R-OR' > RO-R, > RO-(C)R'. The cybotactic-nematic
character of the LCs increases with increasing L in each series, and is
present at room temperature when the average number of R + R' carbons

is 10 or more in the RO-R' series and 9 or more in the R-OR' and

RO-(C)R' series. The conductivity anisotropy, birefringence, and density
values in each series decrease with increasing L, while the dielectric
anisotropy becomes relatively more negative in the RO-R' and R-OR' series
and less negative in the RO-(C)R' series. The dynamic scattering (DS)
thrshold voltage increases markedly with L in the RO-R' and RO-(C)R'
series, largely due to their decrease in conductivity anisotropy. The

DS decay times in the RO-R' series increase linearly with increasing

L in surface~l cells, while the decay times are nearly independent of

L in surface-ll cells. The DS decay times are several times faster in

the RO-(C)R' series than in the RO-R' series, although only the shorter

L mixtures in the RO-(C)R' series show good DS due to the strongly
cybotactic nematic character of the longer L cyclohexanecarboxylate
mixtures.

The effects of L and structure are studied on the flow viscosity

of many different esters structures in RO-R' mixtures. The results
include the assignment of class viscosities to 18 different types of
ester LC structures. These class viscosities are used to calculate
the viscosity (at 25°C) of new mixtures within about 10% of the actual
values. The viscosity of new ester LCs can be estimated on the basis
of structural correlations. The effect of L of mixtures varies with
the polarity of the LC structure, with the viscosity decreasing with
increasing L for very polar structures.

Various factors affecting the anisotropic and DC of one ester LC
mixture were investigated, including the effects of dopant structure,
surface alignment, temperature, cell thickness, and type of electrical
activating signal. These studies showed that the differences in the
conductivity anisotropy of the dopant had the largest effect on the

DS threshold voltage, however the change of threshold with temperature
was more strongly affected by changes in the bend elastic constant.
The optical density of scattering was found to increase linearly with
the reciprocal of cell thickness. Thus, thin cells are advantageous

a
not only because the LC response times are faster but also because the
DS levels are higher and more nultiplexing is possible.
v
UNCLASSIFIED
SECURITY CLASSITICATION OF THIS PAGE/WAen Dare Frrered)
¢ R R

(3

B PR Y LY PN

e ———— — -0———--—4




TABLF OF CONTENTS

SECTION PAGE
1 INTRODUCTION AND SUMMARY . . . . . . &« & ¢ « o o o o« 1

A. Background and Applications . . . . . . . ¢ ¢ . . . 1

B. Program Objective e e e e e s e s e e e s e e 2

C. Program Summary e & & o e s e o s & e o o o & 2

2 RESEARCH PROGRAM . . . . ¢« + ¢ o o ¢ o o o o o o s « 5

3 RESEARCH PERSONNEL AND FACILITIES . . . . ¢ « « « « « & 11

A. Personnel .+ o« o« ¢ ¢ ¢ ¢ ¢ o o o o o o o o o o 11
B. Facilities . 4 « ¢ & v o o o o o o o o o o o o =« 11
4 CHRONOLOGICAL PUBLICATION BIBLIOGRAPHY . . . . . . . . . 13
REFERENCES . . . & ¢ o & ¢ o o o o o o o ¢ o o s o » 15

APPENDIX I — Effects of Molecular Length
of Nematic Mixtures. I. Ani-
sotropic and Dynamic Scattering
Properties of 4-Alkoxyphenyl
4-Alkylbenzoate Mixtures “ s e s e - e e 17

APPENDIX II — Effects of Molecular Length
on Nematic Mixtures. II. Ani-
sotropic and Dynamic Scattering
Properties of 4-Alkoxyphenyl
4-Alkylcyclohexanecarboxylate
Mixtures o o e e & e = @ e e e s o o = 47

Appendix III — Variable Grating Mode Liquid
Crystal Device for Optical
Processing and Computing . « ¢ « o ¢ o o & 79

Appendix 1V — Effects of Molecular Length on
Nematic Mixtures. III. Ani-
sotropic Properties of
4-Alkylphenyl 4-Alkoxybenzoate
MIXtUTEB & ¢« & o o o« o o o o« o o o « » 111

AIRFORCE OFFICE OF SCTENTIFIC RESEARCH (AFSC)

NOTICE OF TRANSMITIAL TODTIC

This techuiccl report has been reviewed and is
iidpproved forgnllic metense TAW AFR 190-12,

Distributicn {5 unlimited.

MATTHIW J. KERPER

Chief, Technical Information Division

R

e ey

L T




SECTION PAGE

Appendix V — Effects of Molecular Length on
Nematic Mixtures. IV. Structure
Effects on Viscosity of Ester
Mixtures . . & v ¢ 4 4 4 4 . 4. e o . . o 133

Appendix VI — Factors Affecting the Dynamic
Scattering of a Nematic Ester
Mixture e L Y

Accession F
4 or

NTIS GRA&I R

DTIC TAB O
Unannounced J
.‘.rust.ification_____‘____ﬂ
By

_21§tr;bu;ion/

—_—

Availability Co&eg
" |Avail and/or
Dist Special -

iv

ko —aE T YT T = —

S e e a e




i O

[

SECTION 1 |

INTRODUCTION AND SUMMARY

A. BACKGROUND AND APPLICATIONS

The unique anisotropic properties of liquid crystal (LC) materials have
stimulated research and development of many new electro-optical devices. %
In addition to the now well-known commercial uses of LC displays in watches,
clocks, calculators, meters, etc., more sophisticated military applications
have been developed and others are under study. For example, a LC light valve
projector6’7 for large screen color symbology displays has been developed at
Hughes for military command and control facilities. Many other LC devices are
being studied for military application, and these include several devices
which are based on electrohydrodynamic instabilities generated in the LC by
applied fields. TWG electro-optical effects based on such instabilities are
the subject of the present study. One of these effects is known as the dynamic
scattering (DS) mode,8 and the other is called the variable grating mode
(VGM) . 2,19

The DS mode involves both field alignment and ionic conduction effects
and can be generated by either direct current (dc) or alternating current (ac)
signals. Above the threshold voltage, the DS mode produces a turbulent motion
of the LC molecules which result in a strong light scattering effect. The DS

mode is being studied for several different military applications. One group

P

of these applications is based on activating the DS in an LC display panel in
which the LC is sandwiched between a substrate of semiconductor-controlled
matrix electrodes and a transparent counter electrode.?s11"1% This MOSFET
matrix display is being developed by the Hughes Aircraft Company for various
possible military applications including: an integrated head-up airplane
cockpit display, a helmet-mounted display, a color alphanumeric display, a
flat panel status advisory board, and a missile image sighting display. An
electronically-controlled reticle (cross-hair) is the basis for another group
of DS applications.!*»15 1In this case the LC is sandwiched between two
transparent windows, one with vertical lines of electrodes and one with hori-

zontal electrode lines. The DS activation of the LC between selected lines

results in an electronically controlled, movable reticle. This is being




developed16 as part of an improved fire-control system for tanks and armored
vehicles. The VGM involves the formation of grating~like patterns in dc
activated LCs of high resistivity, and the spatial frequency of these gratings
varies with the magnitude of the applied voltage. Presently this is of

greatest interest for new types of optical data processing techniques.!”,18

B. \ PROGRAM OBJECTIVE

The objective of this program was to study the effects of the chemical
structure of liquid crystal components on the anisotropic properties of
nematic mixtures, especially in regard to their electro-optical response
characteristics. The program was particularly aimed at obtaining a better
understanding of the effects of components on the DS mode. A similar,
secondary goal was to study the effects of structure on the VGM in some of
the same nematic mixtures. We chose to study ester LCs in this program
because of our prior experience with phenyl benzoate LCs and dopants for DS
effects.jvéﬁb The phenyl benzoate ester mixtures are of particular interest
for DS because they are colorless and relatively stable to moisture, they can
be formulated to have a negative dielectric anisotropy, they can be ade-
quately purified for controlled doping,gef?"and they show good dc stability
when used with redox dopants.Li:a} In this program we have examined the pro-
perties and effects of many different types of ester LC components, including
cyclohexanecarboxylates, biphenylcarboxylates, benzoyloxybenzoates, acyloxy-

benzoates, and thiobenzoates, as well as various benzoate structures.

I \
[

A key approach in this program was to study the effect of different ester

C. PROGRAM SUMMARY

mixtures by using the compounds in multi-component LC mixtures. This per-
mitted us to study a wide range of structures as components in room temperature
nematic mixtures with comparable clearpoint temperatures (nematic to iso~-
tropic transition). A major part of this study was centered on examining the
effects of the average molecular length (L) on the anisotropic properties of

LC mixtures. This was done by using components with different length n-alkyl
end groups and then using various combinations of these components to control

the L of the mixtures. Three different series of single class ester nematic




mixtures were studied in this manner. The central part of the structure was
constant in cach of the individual series, which consisted of 4-alkoxyphenyl
4-alkylbenzoates, 4-alkoxyphenyl 4-alkylcyclohexanecarboxylates, and
4-alkylphenyl 4-alkoxybenzoates. While some of the LC properties in these
mixtures varied with increasing L as might be expected by just the increased
size of the aliphatic groups, other properties were more strongly affected.

As the f'increased, the conductivity anisotropy decreased sharply, the vis-
cosity increased greatly, and in one series the dielectric anisotropy completely
changed sign. These changes were attributed partly to an increase in the

25728 4f the mix-

short range smectic order, or cybotactic nematic character,
tures with increasing L. The decrease of conductivity anisotropy with L
greatly increased the threshold voltage for DS, and the increased viscosity
slowed down the response time of DS in surface-perpendicular aligned cells.
This showed that, in general, short L ester mixtures are preferable for
optimization of the DS effects.

Structural effects on viscosity were studied using eighteen different
classes of esters as added components to standard mixtures of 4-alkoxyphenyl
4-alkylbenzoates. Short L mixtures were used, and comparisons were made at
the same L to minimize molecular length effects. We used these data to cal-
culate approximate viscosities for each of the eighteen classes at 25°C.
These class viscosities clearly indicate many structural correlations which
will be of value in predicting the effects of other related structures on
viscosity. In addition, we found that the viscosity of new LC mixtures can
usually be predicted within about 107 from combinations of LC esters from the
18 classes studied. The ability to predict the viscosity of mixtures is

s
particularly valuable in the formulation of improved LC mixtures, e.g., with
low viscosity as well as wide nematic temperature range, low DS threshold

s

voltage, etc. Studies on the L effects on viscosity were also made with
several series of mixtures containing 25% of components added to standard
mixtures. We found that when polar ester structures with high class viscosi-
ties are used as additives, then the viscosity can remain constant or even
decrease as L increases. This is attributed to a décrease in the associa-
tion effects between the polar molecules as alkyl end groups are lengthened,

which offsets the normal inctease of viscosity with molecular length.
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Various factors affecting the anisotropic and DS characteristics of a
selected ester mixture were investigated in detail. fhe effects of dopant,
surface alignment, signal, cell thickness, and temperature were studied.
Variations in the conductivity anisotropy of the dopants had the largest
effect on the DS threshold voltage at room temperature. However, cell thick-
ness also changed the threshold slightly and had a large effect on the magni-
tude of the scattering obtained above threshold. Thinner cells gave higher
DS levels and higher multiplexing capabilities. The optical density of
scattering increased linearly with the reciprocal of cell thickness. When
the temperature was increased the DS threshold voltage decreased, indicating
that change in viscosity and elastic constants with temperature were more
significant than the decrease in conductivity anisotropy.

The variable grating mode (VGM) electro~optical effect was also studied
in various nematic LCs, primarily in regard to potential use in optical pro-
cessing and computing techniques. We found that the VGM effects decreased as
the T of the ester mixtures increased, probably due to increased negative
values of Ae. In studies with wedge-shaped cells, we found that the VGM
effect can be obtained in much thicker cells than had previously been con-

sidered to be possible based on mechanisms that others have proposed for
the effect.
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SECTION 2

RESEARCH PROGRAM

The results of this program are presented in the six papers which are
included as appendices of this report. Three of these papers have been

accepted for publication in Molecular Crystals and Liquid Crystals and will be

published in 1981. The other three papers are drafted and will be submitted
to the same journal for publication. Only some highlights of these papers
are discussed here, and the appendices should be referred to for a more com-
plete description of these studies.

There are large differences in the nematic temperature range of various
individual ester LC compounds. Many have nematic ranges far above room tem-
perature, some are monotropic, some have smectic phases, and others are iso-
tropic at room temperature. Thus, we chose to study mixtures of ester LCs
which were room-termperature nematics and had similar clearpoints. All of the
LC compounds and all of the LC mixtures were prepared as part of the Hughes
Research Laboratories contribution to this program. The LC mixtures were
formulated either as eutectics compositions or as eutectics with limited
amounts of other ester additives. Although the use of mixtures added com-
plexity, it also enabled us to vary systematically parameters such as the
average molecular length (L) and the clearpoint. It also permitted us to
study a much larger variety of ester structure than would have been feasible
otherwise.

A major approach in this program was to investigate the anisotropic pro-
perties of ester LC mixtures as a function of their average molecular length
(L) and their structure. Three series of ester mixtures were studied, with
each series containing only one class of LC components that differed only in
the length of their R and R' n-alkyl end groups. The following RO-R',
RO-{C]R', and R-OR' classes of esters were studied, using mixtures formulated

to have similar nematic temperature ranges within each class.
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0

RO- R’ ESTERS no—@—o-—c—@- R’
0

RO—[CIR’ ESTERS Ro—Q—o—c—®—R'
0

R_OR’ ESTERS n-—< >—o—c—< >—on'

These results are presented in Appendices I, II and 1IV.

The flow viscosity and the anisotropic values of refractive index, ionic
conduction, and dielectric constant were studied in each series; the DS pro-
perties were studied in the RO-R' and RO-[C]R' series. In each series the
viscosity increased as L increased, as expected with these relatively low
polarity structures. However, large viscosity increases in the longer L
mixtures are due to an increase in their cybotactic nematic characteristics
(i.e., short range smectic order). The cybotactic effect was identified by a
relatively low value of conductivity anisotropy (o“/ol) at 25°C along with a
maximum value of o,/c, at a temperature between 25°C and the clearpoint
temperature (where o, /0, = 1.0). The cybotactic nematic effects were particu-
larly strong in the longest RO-[C]R' and R-OR' mixtures, in which the o /o
was less 1.0 at 25°C — clearly showing smectic-like properties in these
nematic LCs. The effect of L on o"/ol was most prominent in the cyclohexane-
carboxylates, where the long L RO~[C]R' mixtures had o,/0, = 0.5 whereas the
short L mixtures had 0"/01 = 1.6. The effect of L on dielectric anisotropy
(he = ¢, - ¢;) was different in each series; a surprisingly large effect was
observed in the R-OR' series, in which Ae was positive for short L but negative
for long L mixtures, ostensibly due to enhanced anti-parallel molecular pairing

in the long L mixtures. In general, more favorable electro-optical DS

- T ST




characteristics were tound in the shorter L mixtures of the RO-R' and
RUO-[C]R" series. This is because in the shorter length mixtures the conduc—
tivity dopants have greater solubility, the threshold voltages of DS are lower
due to higher r‘"/'l values, and the response times are faster due to lower
viscosities.

Another major area of study was the correlation of flow viscosity with
the molecular structure of 18 different classes of ester LCs. (See
Appendix V.) Comparative viscosity measurements were made at constant L by
adding components from a structural class to RO-R' mixtures in such a way
that both the L of the additives and the L of the final mixture were constant.
We used this data to calculate approximate class viscosities for each of the
18 structural categories, including the above RO-R', RO-[C]R' and R-OR'
classes,as shown in Figure 1 (which is also in Appendix V). The class
viscosities increased with structural contributions from aromatic, polar, and
polarizable groups; the increases are especially large when multiple polar
groups are present. These correlations are valuable in predicting the effects
of structural variations on the viscosity of other classes of ester LCs. Also,
we have found that our class viscosities can be used to calculate the approxi-
mate viscosity of LC ester mixtures within about 10% of their actual value.
The pre-calculation of viscosity is very useful in choosing formulations for
multi-component ester mixtures in which a low viscosity is desired as well as
other properties such as a wide nematic temperature range. Another interesting
result from our studies was the observation that the apparent viscosity of a
polar ester additive decreased as the L of the mixture (75% RO-R') increased.
This effect, which is the opposite of that observed in the 100% RO-R',
RO-[C]R' and R-OR' series, is attributed to a decrease in intermolecular
association of the polar ester additive as longer alkyl groups are used in the
mixture to increase L. This was substantiated by observations of much higher
viscosities in 100% mixture of the more polar ester than in their contributions
as additives to RO-R' mixtures. A corresponding effect on molecular polarity
was observed in the apparent activation energy of the ester mixtures, which
were highest for those with the largest viscosity and lowest for those with

the least viscosity.
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Various factors affecting the anisotropic and DS characteristics of one
particular eutectic mixture of LC esters were investigated, including studies
on the effects of dopant structure, surface alignment, temperature, cell
thickness, and type of electrical activating signal. (See Appendix VI.)
These studies showed that the differences in the conductivity anisotropy of
the dopant had the largest effect on the DS threshold voltage, however, the
change of threshold with temperature was more strongly affected by changes
in the bend elastic constant. The optical density of scattering was found to
increase linearly with the reciprocal of cell thickness as did the maximum
(theoretical) multiplexing capability. A minimum in the DS threshold voltage
was observed in cells about 25 um in thickness. However, thinner cells are
advantageous not only because the LC response times are proportional to the
square of the thickness, but also because thin cells provide higher
scattering levels with DS activation. We began some systematic studies on
the relationships between the structure of dopants and their conductivity
anisotropy in LCs. Although some correlations were observed, more studies
need to be carried out as a wider selection of organic salt structures
become available.

The variable grating mode (VGM) electro-optical effect was also studied
in various nematic LCs, primarily in regard to potential use in optical pro-
cessing and computing techniques. We found that the VGM effects decreased
as the L of RO-R' ester mixtures increased, probably due to increased negative
values of Ae. (See Appendix III.) Contrary to some literature reports, we
observed VGM only with applied dc fields and not with ac activation. However,
we could find no conductivity dopant which increased the VGM affect; instead
they caused DS even when used in very low concentrations. In studies with
wedge-shaped cells, we found that the VGM effect can be obtained in much
thicker cells than had previously been considered to be possible based on
mechanisms that others have proposed for the effect. The VGM appears to be
propagated along the surface from the thinner to the thicker part of the wedge
cell.
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SECTION 3

RESEARCH PERSONNEL AND FACILITIES

A. PERSONNEL

The principal investigator for this contract was Dr. J. D. Margerum.
The other major participants in these liquid crystal studies were Dr..J. E,
Jensen, Mrs. A. M. Lackner, and Dr. S.-M. Wong.

The following personnel of the Exploratory Studies Department of the

Hughes Resecarch Laboratories participated in this project:

Dr. John E. Jensen (Member of the Technical Staff; PhD in Organic
Chemistry).

Mrs. Anna M. Lackner (Member of the Technical Staff; BS in Chemistry).

Dr. Hong Sup Lim (Senior Member of the Technical Staff; PhD in
Electrochemistry).

Dr. J. David Margerum (Senior Scientist and Head of Chemistry Section;
PhD in Physical Chemistry).

Dr. Leroy J. Miller (Head of Device Materials Section; PhD in Organic
Chemistry).

Gary P. Myer (Member of the Technical Staff; BS in Physics).

Dr. Michael Piliavin (Member of the Technical Staff; PhD in Physics).
Deborah S. Smythe (Member of the Technical Staff; BS in Biology).
Willis H. Smith (Research Assistant Senior).

Camille 1. van Ast (Research Assistant Senior)

Scott A. Verzwyvelt (Member of the Technical Staff; BS in Biology).

B. FACILITIES

AR AN Gyt Bh A, et e o

The facilities used in this contract were primarily those available in
the Chemistry Section and the Device Materials Section of the Exploratory
Studies Department, at the Hughes Research Laboratories in Malibu, California.
Extensive capital equipment and all of the materials used in these studies were

provided by the Hughes Aircraft Company without direct charge to the contract.
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APPENDIX 1

EFFECTS OF MOLECULAR LENGTH ON NEMATIC MIXTURES. 1. ANISOTROPIC
AND DYNAMIC SCATTERING PROPERTIES OF 4-ALKOXYPHENYL
4-ALKYLBENZOATE MIXTURES*
J. David Margerum, John E. Jensen, and Anna M. Lackner
Hughes Research Laboratories

3011 Malibu Canyon Road
Malibu, California 90265

ABSTRACT

The properties of nematic mixtures of 4-alkoxyphenyl 4-alkylbenzoates
are studied as a function of their average molecular length (L). The
1's of the mixtures vary between 20.46 and 27.14 Z, but they all have
clearpoints in the 51 to 58°C range. The flow viscosity increases
linearly with L. The dielectric constant, refractive index, birefringence,
and density decrease linearly with L, and the dielectric anisotropy
becomes more negative., With Cetrabutylamhonium tetraphenylboride added
as a salt dopant, the conductivity anisotropy (ollol) decreases with
increasing L, and the dynamic-scattering (DS) threshold voltage increases
correspondingly. The effect of L on the DS decay time (TD) is highly
dependent on the surface alignment. In surface-l cells, TD increases
strongly with L, while in surface-| cells, T decreases slightly with
increasing L. The temperature dependence of °l/°1 indicates that the
longer L mixtures, with about ten or more total alkyl carbons from both

end groups, have cybotactic nematic characteristics.

*Presented in part at the Symposium on the Physics and Chemistry
of Liquid Crystal Devices, San Jose, CA, February 7-8, 1979.
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INTRODUCTION

Multicomponent liquid crystal (LC) mixtures are often used to widen
the temperature range of nematics used in electrooptical device appli-
cations. Although there is an increasing amount of information being
published on the properties of nematic mixtures of positive dielectric
anisotropy for use in polarization switching displays, there is much
less information on the properties of nematic mixtures of negative
dielectric anisotropy for use in dynamic scattering (DS) displays.l'2
We are particularly interested in the use of para-substituted phenyl
benzoate mixtures as relatively stable nematics for both dc- and
ac-activated DS devices.3-6 Therefore, we have begun a series of
studies to investigate systematically the relationships between the
structure of ester LC components and the properties of their mixtures.
The present study is designed specifically to examine the effect of the
average molecular length of 4-alkoxyphenyl 4-alkylbenzoate mixtures on
their viscosity, conductivity anisotropy, dielectric anisotropy, DS

threshold voltage, and DS response time.

EXPERIMENTAL

The phenyl benzoate components of the LC mixtures are prepared by
reacting the appropriate p-alkoxyphenols and p-alkylbenzoy'® chlorides.
Whenever possible, the reactants are obtained commercially (Eastman or
Aldrich). The esters are purified by several recrystallizations and
are checked for purity by thin-layer chromatography and by liquid
chromatography (Waters Assoc. Model ALC-202/40l1, with a microporasil
column). We estimate by these methods that the impurity content 1is

less than 0.52 in all of the esters and is less than 0.1% in most of
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them. In all cases, the materials have virtually no ionic impurities,

u i-cm

and the resistivities of the undoped mixtures are greater than 10
at room temperature. The heat of fusion (AHf), melting point (mp), and
clearpoint (clpt) are obtained by differential scanning calorimetry (DSC)
using a Mettler TA2000B thermal analysis system. The transition tem-
peratures correspond to the lower part of any range obtained from the
DSC slope extrapolated back to the baseline. A computer program is used
to calculate the mole fraction of selected components for eutectic mix-
tures by applying the Schroeder Van Laar equation.7’
The flow viscosity is measured in calibrated (20 to 100 ¢S range)
Cannon-Ubbelohde-type viscometer tubes (1.03-mm capillary bore size)
held in a temperature-controlled water bath. Density measurements are
made in calibrated pycnometer tubes. The refractive index and birefrin-
gence are measured with a Leitz-Jelly micro-refractometer. The dielec-
tric anisotropy and conductivity anisotropy are measured using a
previously described apparatus,s modified by installation of a thermally
controlled copper block in the cavity to achieve better temperature
control over a wider range. This required a larger magnetic pole
spacing than used previously, which resulted in a 7-kG magnetic field.
An LC thickness of 229 or 503 um is used. Samples are doped with
tetrabutylammonium tetraphenylboride (TBATPB) by adding 0.1X of this
salt, warming to dissolve, and then filtering the LC through a 0.2-um
filter after letting it cool overnight. The DS threshold measurements
are taken in transmission with unpolarized green light and an acceptance

angle of $0.5° at the detector of the optical systcn.s The cells are

made with 3.2-mm-thick glass plates, with the LC contained by a
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25.4-um-thick polyester film perimeter spacer. These cells have indium
tin oxide (ITO) conductive glass surfaces overcoated with Si0 deposited
at a 30° angle to produce surface-l alignment of the LCs. The threshold
voltages are obtained by extrapolating the initial steep decrease in
transmission back to the baseline, using frequencies of 30 Hz. The
decay times are taken from 10% to 907 T after activation at 30 V. To
improve the reproducibility of decay times, measurements are made using

thicker (12.7 mm) optical flats with an Si0,-overcoated ITO surface and

2
deposited pads of SiOx in the corners as spacers. One set of these
flats is ion-beam etched at a shallow angle for surface-1| alignment,9
while a second set is spin-coated with an aqueous polyvinyl alcohol
solution, baked in an oven, and rubbed gently for surface-l alignment.
The spacer thickness of the first cell is 15.86 um and of the second 1is
15.43 um. These cells are filled with doped LC, and the DS decay times
are measured in a thermostated box. A third set of optical flats with a
15.90-um spacing is used for surface-l alignment by first bonding a long
chain alcohol (97018H370H) on the SiO2 coating.lo The LCs align perpen~
dicular to the surface in this cell with very small off-normal tilt
angles (<0.5°). Undoped LCs are used in this third cell for measurements
of the Fréedericks transition threshold voltage at 1 kHz, while doped
LCs are used for DS decay time studies after activation with voltages
at 30 Hz,

The kll elastic constants are determined from capacitance versus
voltage curves on LC cells using an apparatus similar to that described

11

by Meyerhofer. The cells are made using ITO-coated glass plates

(3.2 mm thick) with a 25.4-pum-thick polyester film perimeter spacer
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arranged to give an active area of 6.45 cmz. The ITO is overcoated

with 2000 & of Sioz, and surface-l alignment is obtained by treatment
with n~C, H, (OH. The tilt angles are less than 0.5°. The measuring
signal is 25 mV at 10 kHz, and the alignment bias control is variable
up to 30 vrms at 75 or 450 Hz. An empty cell is used to correct for
the capacitance of the non-active area. The electronic components
include a PAR Model 124A as a signal source and a lock-in amplifier, a
Kiethley 427 current amplifier, and a Krohn~Hite 3322 variable filter

(to help filter out the bias frequency).

RESULTS AND DISCUSSION

LC Components and Mixtures

The thermal properties of the phenylbenzoate compounds used in
these mixtures are shown in Table I, where R and R' are n-alkyl groups
as shown by the general structure in Figure la. The melting points and
heats of fusion from Table I are used to calculate the eutectic mixtures
shown in Table I1. None of the components are known to have any smectic
phases. In addition to the letter designations (A, B, etc.) used for
the mixtures in this paper, the specific Hughes identifications
(HRL-2N42, etc.) are also shown. The latter are cited in other

12,13 The molecular length (L) of each compound is measured

publications.
from the end-to-end distance in CPK models, as indicated in Figure 1b.
A fully extended configuration 1s used, with a twist angle of about 30°
between the aromatic planes as described by Neubert et 31.14 Table III
shows the average molecular length (E) of the mixtures, and both the
calculated and the observed nematic ranges. Several features are worth
noting regarding the composition of these different length eutectic

mixtures. For one thing, the compound 10-1 is used as a pseudo-nematic
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component even though it has not been observed to be an LC. Also,
contrary to the guideline of making eutectic mixtures in which each
component differs by more than 20% in overall molecular lengch.8 we
mix some components of the same, or nearly the same, length. This 1s
done when the R and R' end groups of one component are substantially
different from those of another component (e.g., 20-3 with 40-1,

20-5 with 40-3, 40-6 with 60-5, and 60-5 with 80-3).

No systematic variation is made in the components with regard to
the odd/even number of end group carbons, nor to the end of the molecule
on which the longest alkyl groups are used. (However, longer alkyl
groups and longer length components are not used in order to avoid
smectic components.) Although the propert es of the mixturea are
probably affected by such end group effects in addition to being affected
by the average length, we believe that the general trends of the L

effects that we report below are nevertheless valid.

Refractive Indices, Density, and Dielectric Constant

The refractive index and birefringence of the mixtures decrease
linearly with increasing molecular length, as shown in Figure 2. The 2

effect of the increasing length is to decrease the molecular polariza-

bility of the molecules as the alkyl end groups are lengthened and to .

dilute the polarizability effect due to the rest of the molecule. The
density of the mixtures also decreases with increasing average molecular
length due to the increasing percentage of alkyl groups as compared
with the aromatic ester group. A similar trend is also shown in

Figure 2 for the dielectric constant (el) variation with L, as longer

22
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alkyl groups dilute the effects of the more polar groups in the molecules.

In these mixtures, the value of €, at 25°C decreases by about 0.15 units

per added methylene group.

Viscosity

The flow viscosity (n) of the ester mixtures is studied as a
function of temperature between 20 and 50°C. These flow viscosities
should correspond approximately to the viscosity along the LC director,15
corresponding to the Helfrich viscosity N,y (or the Miesowicz viscosity
nB). Each mixture has as a linear relationship between log n and T_1
(in °K-1), as shown in Figure 3. These viscosities are the same with or
without the addition of the TBATPB salt dopant. The viscositiles at
25 and 45°C are plotted against the average molecular length in Figure 4.
The viscosity increases linearly with the average length, and the vis-
cosity changes substantially over the range of lengths studied. The
clearpoints of all the mixtures are within a range of about 6°C, and
there is no obvious effect of theilr clearpoint differences on the vis-
cosities. The results at 25°C in Figure 4 correspond to about a 1.8 cP
increase in viscosity per each additional methylene group in the

average molecular length of these ester mixtures. At 45°C, the increase

in viscosity is about 0.9 cP per added methylene group.

Conductivity Anisotropy

The conductivity anisotropy (0'/01) of TBATPB in each ester mixture
is shown as a function of temperature in Figure 5. We found that at
room temperature the o'/ol values of TBATPB in mixture A are constant

with variations in the resistivity of the sample, and we have previously
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observed this same type of consistency of OI/OL with the concentration

of TBATPB in other liquid crystals.s’16

Thus, although the solubility
TBATPB decreases steadily from mixture A to F and thereby increases
their resistivities, we believe that the 0./01 values of the different
mixtures can be compared with one another. The general trend at room
temperature is that the ollol value decreases as the molecular length
of the mixture increases. As the temperature is increased, samples
A~-D show decreased Ollol values, as expected in nematic LCs because of
the decreasing order parameter. However, in mixtures E and F, the
0./0l values go through a maximum between 20 and 50°C. This general
type of behavior in other nematics has been reportedu-19 to be due to
cybotactic nematic20 characteristics (i.e., short range smectic order
in a nematic LC). In our phenyl benzoate mixtures, this is observed
when the average length is 25.9 A and longer, corresponding to an
average of about 10 or more carbons from the combination of both alkyl
end groups in the molecules (see Table III). It is interesting that
none of the pure components in these mixtures is reported to be a
smectic and that our DSC analysis also does not show any smectic phase

in the components or their mixtures.

Because °|/°1 is an anisotropic ratio that depends on the order

of

parameter, we show in Figure 6 comparisons of the mixtures at two values

of reduced temperature. For these mixtures, the lower temperature of
T = 0.91 T, is near 25°C, while the higher temperature of T = 0.96 T.

is near 42°C. At both temperatures, the 0./0l values decrease approxi-

mately linearly as the L's of the mixtures increase. This may be due to

several factors. At the lower temperature, the increasing cybotatic
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nematic character with increasing f appears to be important. However,
since similar effects are observed at 42°C, where the cybotatic effects
should be less significant, other factors are probably involved.
Qualitatively, we ascribe these other factors to the increasing percentage
of the relatively flexible alkyl end groups compared to the more rigid
central phenyl benzoate structure. The percentage of alkyl group length
goes from 31.57 in mixture A up to 48.67 in mixture F. The transverse
nematic flow viscosities (nl and n3) probably do not increase as rapidly
with L as 1, does. Similarly, the 0, values probably do not decrease as

2

rapidly with L as does 0,, thus causing a decrease in 0y /0, .
| o1

Dielectric Anisotropy

The effects of temperature on the dielectric constants and dielec-
tric anisotropy are shown for each mixture in Figures 7 and 8. The
values of €| decrease almost linearly with increasing temperature. On
the expanded scale used in Figure 8, it can be seen that, although small
in magnitude, the -~Ac values in each mixture go through a maximum in the
35 to 40°C range. This is most pronounced with the shorter mixtures.

In addition, at a given reduced temperature, the A€ values become more
negative as the average molecular length increases, as shown by the
approximately linear plots in Figure 9. Both the temperature effect and
the molecular-length effect on Ac are unexpected. We can only speculate
that there is some type of weak intermolecular interaction that causes

Ae to be less negative in the shorter mixtures, and that this interaction
decreases as the samples are heated. Such a molecular interaction might
also decrease as the cybotatic nematic packing increases in the longer

mixtures.
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Field Effect Transition and Elastic Constants

The threshold voltage for the dielectric field-effect realignment
(no conductive dopant) of the LC mixtures in surface-l cells 13 shown
in Figure 10, from optical birefringence measurements. This threshold
voltage decreases with increasing L of the mixtures. The effect of L
on the values of the bend elastic constant k33 are also shown in

Figure 10, as calculated from the expression:

' kyy \1/2
< th)FE = “(eo AEI)

Dynamic Scattering

The threshold voltage (Vth) for DS for the TBATPB-doped mixtures
increases sharply with increasing average molecular length, as shown in
Figure 11. This effect appears to be due primarily to the Ul/ol values
of these mixtures, as indicated by our observation that a Helfrich-type
plot of VZ& versus (olloj_)—1 is approximately linear, although such a
linear relationship should actually be applicable only 1if all of the LC
properties except o|/ol are constant.5 Since we have found that k33, €,
Ae, and p all vary with f, this observation indicates that the °l/°l
values probably have a dominant effect on vch when comparing these mix-
tures at room temperature in surface-~l cells.

The results of our DS decay time studies at 25°C are shown in
Figure 12. For comparison, the decay times are all corrected to a
nominal cell thickness of 16.0 um, using a factor of 162/12. (As indi-

cated in the experimental section, the actual thicknesses, %, of the

surface-l cells are 15.86 and 15.43 um, while for the surface-l1 cell
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it is 15.90 um.) The activated voltages used are high enough to give at
least 90% scattering in our optical system without causing secondary
scattering. The decay times are all compared from the same relative
transmission changes of 10%ZT to 90%ZT. The effect of L on the decay time
is strikingly dependent on the initial LC surface alignment. The TD of
the LC cells with surface-§ LC alignment decreases slightly with
increasing L (even though the flow viscosity increases appreciably), and
it is independent of the alignment method. On the other hand, the TD of
the surface-1 cells increases with L even more rapidly than the increase
in the LC flow viscosity with L. As shown in Figure 12, the ratio
(TD)l/(TD)I goes from about 1.5 at short L up to about 2.5 at long L
values.

The decay time of DS cells has been reported to be directly pro-

portional to viscosity2 and to fit the equation: = Cnﬂz/k, where C

B
is a constant characteristic of the LC, n is the viscosity, and k is an
elastic constant.1 Similarly, the decay time for Williams domains has
been expressed21 by TB = lzn’/4ﬂ2k, where n' is a "viscosity parameter
and k is the approprilate elastic constant." In our series of mixtures
at 25°c, (TD)I is nearly independent of n, while (TD)l is directly
proportional to n (where our n = nz). On the other hand, the variation
of the ratio nz/k33 with L 1s not directly proportional to the change of

either (TD)I or (1 with the L of these mixtures.

D)L

CONCLUSIONS
Comparisons of p-alkoxyphenyl p-alkylbenzoate nematic mixtures

with similar clearpoints show that several of their properties vary
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linearly with the average molecular length of the mixtures: the flow
viscosity increases with f, while the refractive index, birefringence,
density, conductivity anisotropy, dielectric constants, and dielectric
anisotropy decrease as L increases. The temperature dependence of

0y/0) shows that mixtures with a total average of more than 10 carbon
atoms from both aliphatic end groups have cybotactic nematic character-
istics. The shorter length mixtures are advantageous for DS applications
primarily because they have higher 0|/0l values, lower threshold values
for DS, and better solubility of conductive dopants than in the longer

L mixtures. In surface-I cells, L has very little effect on the DS

decay time at 25°C; however, in surface-l cells, the decay time increases
steeply (linearly) with L. Thus, in surface-1l cells, the shorter L

mixtures are advantageous for faster decay times.
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TABLE I

Thermal Properties of Components

Component mp, °C Clpt., °C AHf,
RO R' Code Obs. Lit. Obs. Lit. kcal/mole

CH0 i, 10-1  96.2 97° (1)) L p— 7.20
C,HO0  CH,  20-3  75.7 75.5° 68 68.5° 6.72
C,HO  CGHy, 20-5  62.8 62.1° 63 63.4° 7.49
CH0  CH, 40-1 72,9 -——- 53 —— 7.81
CHO  CyH,  40-3  70.7 71.3° 61 59.0° 8.15
CHgO  CcHy, 40-6  40.0 397 49 499 8.42
CeHys0 CgH,  60-3  51.8 51.6°  57.4 58.5° 5.52
Celys0 CHy  60-4 29 30.2° 48 48.4°¢ 4.20
CeHys0 CgHy;  60-5  40.9 40° 59.3  59° 5.77
CgHy,0 CyH,  80-3  51.8 51.0° s56.8 59.1° 6.12
CgH 0 CoH, B80-6  44.9 46t ss.6 51t 8.12

8r,.1. Gnilomedova et al., Z2h. Prikladnoi Khimmii, 32, 1337 (1976);
b

Virtual nematic clpt.; °M.E. Neubert et al., Liq. Cryst. and Ordered

Fluids (Plenum Press, N.Y., 1974), Vol. 2, p. 293, J.F. Johnson and
R.S. Porter, Eds.; dR. Steinstrasser, Z. Naturforsch %13, 774 (1972);

€J.P. Van Meter and B.H. Klanderman, Mol. Cryst. Liq. Cryst. 22, 271

(1973); fGDR Patent 86269.
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TABLE 11

Composition of Liquid-Crystal Mixtures

Compound Mole Fraction in Mixtures
Code®  Length, & A B D E F .
10-1 16.20 0.112 0.073 -— — -———
20-3 19.67 0.222 0.148
20-5 22.21 0.283 0.180 0.240 ——— ——
40-1 19.61 0.191 0.119 — — ——
40-3 21.78 0.192 0.117 0.160 0.120 ——
40-6 25.81 ———— 0.364 —— 0.375 —~—
60-3 24,44 0.249
60-4 25.78 —-—— — 0.601 — ———
60-5 27.03 0.504 0.331
80-3 26,84 0.213
80-6 30.85 0.207
HRL Mixture Numbers  2N42 2N43 2N44 2N46 2N48

35ee TABLE I.
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TABLE 111

Average Length and Nematic Range of RO-R' Mixtures®

Average gverage mp, °C Clpt., °C
umber
Mixture Length of R4R'
L), A& Carbons Calec. Obs. Calc. Obs.
A 20.39 5.61 28.8 5.3 57.0 57.7
B 22.37 7.21 18.2 -5.8 54.4 52.4
c® 23.36 8.20 —— 2.4 57.2 55.6
D 24.31 8.82 24,9 -7.8 54.0 51.4
E 25.92 10.12 18.8 16.1 54.6 55.0
F 27.14 11.50 6.1 18.0 57.4 56. 3

3calculated as eutectic compositions, except Mixture C, with

L calc. from mole fractions of components of various L's.

quual weight percent of A and F.
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10.

11.

12,

FIGURE CAPTIONS

(a) General structure of LC mixture components.
(b) Model of 4-hexyloxyphenyl 4-butylbenzoate (60-4) showing the

wmolecular length (L = 25.78 K) used.
Effect of L on refractive index (n; at 23.5°C, 589 nm),
birefringence (An at 22.0°C, 589 nm), density (d at 25.0°C),
and dielectric constant (g; at 25.0°C).
Viscosity of RO-R' ester LC mixtures as a function of temperature.
Flow viscosity of RO-R' ester mixtures A-F as a function of
their L.
Conductivity anisotropy of TBATPB in RO-R' ester mixtures as
a function of temperature.
Effect of L of mixtures on their conductivity anisotropy
at two reduced temperatures.
Dielectric constant (el) of RO-R' mixtures as a function of
temperature.
Dielectric anisotropy of RO-R' mixtures as a function of
temperature.
Effect of L of mixtures A-F on their dielectric anisotropy
at two reduced temperatures.
Effect of L of RO~R' mixture on the dielectric field effect

transition and k,. at 25°C.

33
Variation of the threshold voltage for DS with L of the mixtures.
(Cells are V25 um thick and have surface-1 alignment.)

Effect of L on DS decay times. Surface~l cells: o - ion beam

etched 8102, O - rubbed PVA; surface-l cells: A - C18 alcohol

treated 8102.
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APPENDIX TIT

EFFECTS OF MOLECULAR LENGTH ON NEMATIC MIXTURES.
II. ANISOTROPIC AND DYNAMIC SCATTERING PROPERTIES
OF 4-ALKOXYPHENYL 4-ALKYLCYCLOHEXANECARBOXYLATE
MIXTURES*

J. David Margerum, Siu-May Wong, Anna M. Lackner,

and John E. Jensen

Hughes Research Laboratories
3011 Malibu Canyon Road
Malibu, California 90265

ABSTRACT

The properties of nematic liquid-crystal mixtures of 4-alkoxyphenyl
trans-4-alkylcyclohexanecarboxylates are studied as a function of
temperature and their average molecular length (L). Mixtures are pre-
pared with clearpoints near 72°C (+3°C) and with L varying between 21.20
and 26.15 K. At 25°C, their flow viscosity increases exponentially
(from 16.3 to 50.6 cP) as L increases. The conductivity anisotropy
(°l/°1) also varies tremendously, decreasing from 1.62 to 0.49 as L
increases, when compared at 25°C with tetrabutylammonium tetraphenylboride
as dopant. The low values of o'/o1 and its temperature dependence indi-
cate that cybotatic nematic characteristics occur when the average total
number of alkyl carbons from both end groups is 8.5 or more. Short
range smectic effects are dominant in the longer mixtures. All of the
mixtures have a negative dielectric anisotropy, which linearly becomes
less negative with increasing L. At 25°C, dynamic scattering (DS) is

observed only in the shorter L mixtures (where 0./0l > 1), and the

N
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DS decay times are relatively fast. Comparisons are made with similar

studies on p-alkoxyphenyl p-alkylbenzoate mixtures.

INTRODUCTION

In recent years, there has been considerable interest regarding the
incorporation of cyclohexane structures into liquid-crystal (LC) com-
pounds and mixtures.l—e Most of the studies have been on materials
with positive dielectric anisotropy, such as 4-cyanophenylcyclohexanes,
for use in twisted nematic displays based on polarization switching.2-6
These cyanophenylcyclohexanes have a lower viscosity and birefringence
than do the corresponding cyanobiphenyl nematic liquid crystals. Esters
with phenyl cyclohexanecarboxylate structures have been reported to have
wide nematic temperature ranges,1 but relatively little has been reported
on their anisotropic and electrooptical properties. We are interested
in the use of cyclohexanecarboxylate esters as nematic mixtures for both
dc- and ac-activated dynamic-scattering (DS) displays, particularly to
obtain wide temperature range mixtures with fast response times. Since
we have found that the average molecular length (L) of p-alkoxylphenyl
p-alkylbenzoate mixtures has a large effect on their nematic propetties,7
the present study is directed particularly at the effects of molecular
length on the properties of mixtures 4-alkoxylphenyl trans-4-
alkylcyclohexanecarboxylates. We are especially interested in the
effect of L on the viscosity, dielectric anisotropy, conductivity
anisotropy, and DS response of these mixtures, and in comparing these

results with those from the similar phenyl benzoate mixtures.
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EXPERIMENTAL

The cyclohexane liquid-crystal compounds were prepared by reacting
the appropriate 4-alkoxyphenol with a 4-alkylcyclohexanecarbonyl
chloride. The latter are obtained by first carrying out a catalytic
reduction (H2/Rh in a Paar apparatus) of the p-alkylbenzoic acid and
then treating it with thionyl chloride. The catalytic reduction gives
the cis-4-alkylcyclohexanecarboxylic acid, but heating the acid chloride
converts it largely to the trans-4-alkylcyclohexanecarbonyl chloride.
The mixture of these cis and trans acid chlorides are esterified, and
the lower melting cis ester is removed from the 4-alkoxyphenyl
trans-- -alkylcyclohexanecarboxylate by recrystallizations. Purity is
checked by thin-layer chromatography and by high-pressure liquid
chromatography (Waters Assoc. Model ALC-202/401, with a microporasil
column). We estimate that there i1s less than 1% impurity in each ester.
Thermal analysis data on the melting point (mp), clearpoint (clpt), and
heat of fusion (AHf) are obtained by differential scanning calorimetry
(DSC) using a Mettler TA2000B thermal analysis system.

Our other experimental techniques are essentially the same as in
paper I of this series.7 The density is measured in calibrated
pycnometer tubes, as a function of temperature. The flow viscosity (n)
is measured in calibrated Cannon-Manning-type viscometer tubes held in a
temperature-controlled bath. The calibrated ranges were 3 to 15,

7 to 35, and 20 to 100 ¢S, respectively, in three different size tubes.
Overlapping results from different tubes are in good agreement (i.e.,
there is no tube size effect on n). The refractive indices are measured

with a Leitz-Jelly micro-refractometer at 589 nm. The dielectric
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anisotropy and conductivity anisotropy are measured as described
previously,7’8 using 503-um-thick cells in a 7-kG magnetic field. The
samples are doped with tetrabutylammonium tetraphenylboride (TBATPB) or
tetrabutylammonium trifluoromethanesulfonate (TBATMS) by adding 0.1% of
the salt, warming to dissolve, cooling at room temperature for 12 hr,
and filtering through a 0.2-um filter. The DS measurements are made in
transmission with unpolarized green light using glass cells with indium
tin oxide (ITO) transparent electrodes. Threshold voltages are made at
30, 20, and 10 Hz, in cells with nominal spacers of 25.4 um, using baked
polyvinyl alcohol (PVA) coatings rubbed for surface~{ alignment, and

using an 800-A coating of sputter-deposited Si0O, treated with C, . H, _OH

2 22745
for surface-l alignment.9 The DS decay times are measured from 10% to
90%T at 25°C using Sioz-overcoated ITO electrodes on 12.7-mm-thick optical
flats with SiOx pad spacers. The surface-{ cell (15.43-um-thick spacing)
has a rubbed PVA coating, while the surface-l cell (15.86 um) is treated
with C18H370H. Undoped samples are used for the dielectric field effect

transition threshold voltage at 1 kHz in surface-l cells.

RESULTS AND DISCUSSION

LC Components and Mixtures

The thermal properties for the six nematic compounds used in these
studies are shown in Table I, where R and R' are the n-alkyl groups in
the general structure shown in Figure la. Our observed melting points
and clearpoints are higher than the literature values, indicating that
our compounds are of higher purity. We did not observe the low melting

point of smectic-to-nematic transition reported for 60-(C)5. Mixtures
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were prepared with the compositions shown in Table II. These were
primarily mixtures from calculated eutectic compositions that were chosen
to be room-temperature nematics, to have similar clearpoint temperatures,
and to have as wide a range of L as possible. The results in Table III
show a close correlation between the calculated and the observed

nematic ranges of these mixtures. The resistivities of the undoped
mixtures are greater than 1012 fi-cm. The molecular length (L) of each
compound is measured from the end-to-end distance in CPK models, as

indicated in Figure lb. The average length, f, of a mixture 1is obtained

by summing the product of the mole fraction and the L of each component.

Refractive Index, Birefringence, Density, and Dielectric Constant

Plots of refractive indices ("l and "l)’ birefringence (4n),
density (d), and dielectric constant (€£;) of the mixtures are shown in
Figure 2 as a function of their L. Both n and n decrease slightly as
L increases, as expected since longer L increases just the aliphatic end
group length of similar molecules already containing a cyclohexane ring
in the central group. Their birefringence is small and 1s nearly inde-
pendent of L, with An = 0.085 t 0.003 at room temperature. This is sub-
stantially smaller than the birefringence of similar phenyl benzoate
esters, in which An varied between 0.153 and 0.134 over the same L
range.7 The n, of these cyclohexane ester mixtures is also lower than
that of comparable length phenyl benzoate mixtures. The d and €, values
decrease approximately linearly as L increase. Both the magnitudes of
d and €] and their rates of decrease with L are smaller in these mix-
tures than in the phenyl benzoate series, as expected since the central
group contains a cyclohexane ring in place of a phenyl group.
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Flow Viscosity

The flow viscosities of these mixtures are shown as a function of
temperature in Figure 3. Note that the plot for G includes a point above
the clearpoint where n increases. In each mixture, the plots of log n
versus T—1 deviate from the linear relationship often found for liquids
and LCs. The effect of L on the flow viscosity at a given temperature
is quite large, as shown in Figure 4. At 25°C, the viscosity increases
exponentially with increasing molecular length. This rapid increase
of n with L is probably related to the strong cybotactic nematic charac-
ter observed (described below) for these mixtures as their L increases.
At 25°C, the short length RO-(C)R' mixtures have lower n's than do the
corresponding length RO-R' (phenylbenzoate) mixtures (e.g., 16 and 34 cP,
respectively, at L = 21 K). However, the longer length RO-(C)R' mixtures
have higher n's than do the RO-R' mixtures (e.g., 48 and 41 cP, respec-
tively, at L =26 X). Thus, the substitution of cyclohexane rings for
benzene rings in LC components does not always give a lower viscosity
nematic mixture; it does so only for the short length ester mixtures in

this series.

Conductivity Anisotropy

The conductivity anisotropy (0./01) of five of the mixtures is
shown in Figure 5 as a function of temperature. Although the solubility
and conductivity of TBATPB in a mixture decrease as L increases, our
experience indicates that this should have no significant effect on the

anisotropy measurements.7’8’10

The OI/Ol values in A, the shortest
L mixture, are high (1.61 at 25°C) and decrease with increasing tempera-
ture, as is characteristic of a nematic liquid crystal. The values in
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C, a slightly longer length mixture, are not quite as high as in mixture
A and are nearly constant over a wide temperature range. The 0'/01
values in D increase as the temperature increases, which is taken as
evidence for some cybotactic characterll-la (short range smetic order)
at temperatures below about 50°C. Mixture E and compound G have the
longest L's, and their ca/ol values are considerably below 1.0, which
is characteristic of a smectic LC or very strongly cybotactic nematic
LC. From the curves in Figure 5, we conclude that RO-(C)R' mixtures
with an average of 8.5 or more R+R’' alkyl carbons have cybotactic
nematic characteristics. The corresponding number of R+R' carbons for
cybotactic effects in the RO-R' mixtures is 10 carbons or more.7 Thus,
the presence of a cyclohexanecarboxylate group in place of a benzoate
group reduces the average length at which cybotactic effects are
observed in their alkoxyphenyl ester LCs.

Because of the limited solubility of TBATPB in these cyclohexane
esterg, we also studied TBATMS, which is a smaller, more polar salt.
It is more soluble and provides adequate conductivity for DS studies.
Since we have previously founds’10 that the 0./0l values for TBATMS at
a given temperature Ilncrease at low resistivity, we kept the < (25°)

8 t0 5.8 x 10° Q-cm. The

of these samples in the range of 8.4 x 10
results are shown in Figure 6. The cybotactic nematic criterion

(o|/01 increasing with temperature) is less pronounced with TBATMS than
with TBATPB, especially in mixture D. In other nematic LCs, we have
found that at room temperature the Ollo1 of TBATMS was less than that

of TBATPB, as 1is the case in mixture A. However, they are about the

same 1n mixture C, and TBATMS has higher ollo1 values than TBATPB in
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mixtures D and G. This is seen more clearly in Figure 7, where the
values are compared at two reduced temperatures. (In thuse mixtures,
the reduced temperatures of (.86 and 0.96 correspond to an average of
about 26 and 60°C, respectively.) At T/Tc = 0.86, the curves for the
two dopants cross because the values for TBATPB decrease more rapidly
than those for TBATMS as L increases. However, at the higher reduced
temperature of 0.96, the ol/ol values for TBATMS are less than those of
TBATPB throughout the L range. The cybotactic nematic character of the
RO-(C)R’' mixtures clearly has a larger effect on the conductivity
anisotropy of the TBATPB dopant than of the TBATMS dopant. In Figure 7,
both plots of O|/0l versus L at T/Tc = 0.86 show a large deviation from

linearity due to the strong cybotactic nematic ordering in the longer

L mixtures.

Dielectric Anisotropy

The effects of temperature on the dielectric constants of these
mixtures are shown in Figure 8. Because €, decreases appreciably while
€y changes only slightly with increasing temperature, the values of
-Ac decrease linearly as temperature increases in the 20 to 60°C range.
This effect of temperature on Ae 1is the one we would expect in the
absence of molecular assoclations. Thus, while 0./01 and viscosity
effects show strong evidence for cybotactic nematic molecular order,
the Ac effects do not indicate any molecular pairing of polar groups.
(In contrast, the longer L RO-R' mixtures7 showed less cybotactic
nematic association than these RO-(C)R' mixtures, while the shorter L
RO-R' mixtures showed evidence of polar associations — as inferred by
their -Aec values going through a maximum as temperature increased.)
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These mixtures have much more negative A values (between -1.34 and
~1.20 at 25°C) than do the corresponding RO-R' mixtures. As shown in
Figure 9, ~Ac at a given reduced temperature decreases linearly with
increasing L. (In the RO-R' mixtures, -Ac increased with L.) The
nearly parallel changes of -Ar with temperature (Figure 8) and with
L (Figure 9) indicate that the dielectric effects in these RO-(C)R'
mixtures are not significantly affected by the large differences in

viscosity and cybotactic nematic character.

Field Effect Transition and Elastic Constant

The threshold voltage for the field-effect realignment, (véh)FE’
of these undoped LC mixtures is shown by the lower line in Figure 10.
It is nearly unchanged by the changes in L. The corresponding k33 (bend
elastic constant) values also do not vary much with f, as shown in

Table 1IV.

Dynamic Scattering

Typical DS curves (where %S = 100 - %T) for mixtures A, B, and C

are shown in Figure 11. These are run at low frequency (10 Hz) to

- minimize effects from the cut-off frequencies of these samples, which
have relatively high resistivities due to the low solubility of the
TBATPB dopant. The (vth)DS values from these curves are shown in
Figure 10. In the other mixtures, TBATPB does not provide adequate
conductivity for DS studies, and mixtures E, F, and G are not expected
to show DS at 25°C anyway because their 0'/01 ratios are less than 1.0.
The TBATMS dopant is more soluble and gives better DS curves; the DS
threshold voltage for mixtures A, C, and D are shown in Figure 10 for
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both surface-} and surface-) alignment. (These samples have resistivities
of p| = 1.6 x 109, 1.8 x 109, and 4.9 x 109 {l-cm, respectively.) The

general trend 1s that (V increases with L with either the TBATPB

th)DS
or the TBATMS dopant. These results are consistent with the conductivity
anisotropy effects shown in Figures 5 through 7. Temperature effects

on DS also correspond to the OI/OL changes. TBATMS doped mixture F

shows high-level scattering curves at higher temperatures (e.g., 60°C).
Its (vth)DS value decreases sharply as temperature increases, going

from an ill-defined 30 to 40 V value at room temperature, to V20 V at
42°C, and down to 13.5 V at 53°C in surface-j cells. Sample G does not
show any DS below 35°C with either dopant, as expected since ol/ol is
less than 1.0 in this temperature range.

The DS decay time (TD) of TBATMS-doped samples of mixtures A, C,
and D are shown in Figure 12. For comparison, the decay times are
corrected to 16.0 ym thickness, using a 162/12 correction factor. The
actual thickness between the optical flats are 15.43 um for the
surface-| and 15.86 um for the surface-1 cells. Although high voltages
(50 Vrms) are applied to mixture D to obtain high scattering levels
(10% T), secondary scattering is not observed with our relatively short
periods of DS activation. The effect of L on T is very similar to
that observed in the RO-R' mixtures.7 As L increases, T for surface-|
cells decreases slightly, while TD for surface-1 cells increases sub-~
stantially. However, all of these decay times are much faster than
those of the corresponding phenyl benzoate mixtures. In the same L

range, the T of the RO-R' mixture were about 375 msec for surface~{

1]
p 8
and between 610 and 780 msec for surface-| cells.
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CONCLUSIONS

Studies of nematic mixtures of 4-alkoxyphenyl trans-4-
alkylcyclohexanecarboxylates show that their viscosities, conductivity
anisotropies, and DS threshold voltages are very strongly dependent on
the average molecular length of the mixtures. As L increases, their
viscosities increase exponentially and their cybotactic nematic charac-
ter increases greatly. At 25°C, the short L cyclohexane ester mixtures
have higher OI/OL values and much lower flow viscosities than do the
comparable benzoate esters. The longer L cyclohexane ester mixtures
have stronger cybotactic nematic characteristics and much lower o'/ol
values (less than 1.0) and are just as viscous as the same length
benzoate mixtures. The dielectric anisotropies.of the cyclohexane
esters also vary with f, linearly becoming less negative as L increases.
Their birefringences are nearly independent of L. The solubility of
organic salt dopants is low, and becomes worse as L increases. Com-
parisons with similar length p-alkoxyphenyl p-alkylbenzoate mixtures
show that the short length cyclohexane ester mixtures have much more
negative Ac, higher ollo , lower DS at a given V/vth' and much faster

DS decay times in both surface-] and surface-i cells.
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TABLE 1

Thermal Properties of Phenyl Cyclohexanecarboxylates

Compound mp, °C clpt, °C AH

£
Code RO R Obs. Lic.? Obs. Lit.2 kcal/mole
10-(C)5 CH40 n-CeH ; 40.9 36 71.3  63.5 5.01
20-(c)3 C,H0 A-C,H,  49.0 47 79.8 78.5 6.60
20-(C)5  C,H.0 n-CH;, 56.9 55 85.9 85.5 7.69
40-(C)4 n-C,HO n-C,Hy  40.5 38 70.0  68.5 4.12
60-(C)4 n-C,H ;0 n-C/Hg 26 25 70.0 69.0 5.36
b b
60-(C)5 n-CcHy ;0 n~C(H;, 32.2° 24(38.5) 79.8 78.5 5.06

ap. Demus, H.-J. Deutscher, F. Kuschel, H. Schubert, Offenlegungs-
schrift 2429093, Bundesrepublik Deutschla